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Terahertz (THz) detectors with high sensitivity, fast response speed, room temperature operation, and self-pow-
ered feature are the key component for many THz applications. Microcavity resonators can effectively improve
the sensitivity of THz detectors. However, it is difficult to precisely evaluate the microcavity resonator induced
such improvement in experiment. Here, we realize a configurable microcavity–antenna-integrated graphene pho-
tothermoelectric (PTE) THz detector. Through the microcavity–antenna hybrid structure, THz radiations are
localized and enhanced at one end of the graphene channel, and the temperature difference along the channel
is greatly increased, resulting in the strong enhancement of PTE response. At the resonant frequency, the device
has a high responsivity (976 V/W), low noise equivalent power (2.87 pW∕Hz1∕2), and fast response speed
(300 ns) at room temperature and in zero-bias operation mode. The microcavity-induced peak enhancement
factor of 13.14 is accurately extracted. The microcavity–antenna introduced enhancement is further confirmed
by using a two-temperature heat transfer model. The strategy of using a configurable microcavity is useful for
further optimizing THz detectors by introducing the critical coupling mechanism. © 2024 Chinese Laser Press

https://doi.org/10.1364/PRJ.533949

1. INTRODUCTION

The terahertz (THz, 0.1–10 THz) detector is a crucial compo-
nent in THz applications. The well-developed THz detectors
include the Golay cell [1], quantum-well photodetector [2],
bolometer [3], pyroelectric detector [4], plasma-wave detector
[5], and so on. The performance of THz detectors is constantly
improving with the discovery and application of new detection
mechanisms and new materials [6–8]. However, until now the
comprehensive performance of the existing THz detectors is
far from meeting the needs of various THz applications. It
is particularly important to develop THz detectors with room
temperature operation, self-powered feature, high sensitivity,
high dynamic range, and fast response.

The Dirac-cone band structure of graphene [9,10] deter-
mines its high carrier mobility [11,12] and wide spectral ab-
sorption [13,14], which are suitable for developing infrared
and THz detectors. Soon after the discovery of graphene,
the first batch of THz detectors based on graphene
[7,15–18] was demonstrated. Compared with other types of
detectors, photothermoelectric (PTE) detectors have the advan-
tages of room temperature operation [15], zero bias, and broad-
band response. Due to the excellent thermoelectric properties
and hot-carrier effect of graphene [19–21], it is a dominant

candidate for the realization of high-performance THz PTE
detectors. However, the low absorption efficiency of thin-layer
graphene is a severe limit factor.

As a basic resonant mechanism, the Fabry–Perot (FP) res-
onance of a microcavity is widely used in visible and infrared
photodetectors [22–27]. Microcavity-enhanced THz detectors
began to be demonstrated [28,29]. The mechanical exfoliation
process is usually utilized to fabricate graphene and other two-
dimensional material photodetectors. However, due to the poor
repeatability of mechanically exfoliated graphene, it is difficult
to accurately evaluate the enhancement factor and other effects
related to microcavity. In the THz band, the wavelength (λ) of
the electromagnetic wave is in the 30–3000 μm range, so for
the fundamental FP mode, the microcavity thickness (λ∕4n
with n the refractive index of the substrate) is close to the device
substrate thickness. Direct evaluation of the microcavity
enhancement effects can be achieved by mounting a metallic
mirror at the bottom of the substrate.

In this paper, based on the traditional asymmetric antenna
coupling structure, we introduce a configurable microcavity–
antenna hybrid structure, and use the FP resonance of the mi-
crocavity to further enhance the PTE response. Thus, the mi-
crocavity-related enhancement factor is directly obtained
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experimentally. First, we use the finite-difference time-domain
method (FDTD) electromagnetic simulation software
(Lumerical Solutions) to optimize the structural parameters
of the antenna and the microcavity, so that the open-circuit
dipole resonant frequency of the antenna is consistent with
the first FP resonant frequency of the microcavity. Then,
the devices were fabricated by using the standard semiconduc-
tor planar process, graphene mechanical exfoliation, and the
graphene fixed-point transfer. The experimental results are
in good agreement with the theoretical design. This microcav-
ity–antenna hybrid structure can achieve an excellent asymmet-
ric heating effect near the designed resonant frequency to
achieve high detection performance at room temperature
and in zero-bias operation mode. The microcavity-induced
peak enhancement factor of 13.14 is precisely derived. A
two-temperature heat transfer model is implemented to relate
the maximum temperature to the input THz power density,
which further confirms the strong electric field enhancement
induced by the microcavity–antenna structure. The configura-
ble microcavity structure demonstrated in this paper provides a
new and general solution for improving THz detection sensi-
tivity and investigating microcavity-related critical coupling
and strong coupling phenomena.

2. STRUCTURAL DESIGN AND SAMPLE
PREPARATION

Figure 1 shows the schematic of the device structure and the
research scheme of this work. Figure 1(a) is the structure and
working principle of the graphene PTE detector. The detector
is composed of three layers. The top layer is the asymmetric Au
dipole antenna, the graphene channel, and the source and drain

electrodes; the middle layer is the high-resistance silicon sub-
strate; and the bottom layer is the demountable Au mirror at-
tached on a silicon substrate. Thus, the microcavity–antenna
structure is configurable, and the microcavity-induced en-
hancement effect can be directly evaluated by comparing the
responsivities of the detector with and without the bottom
Au mirror. When there is no Au mirror, the detector is a
two-port device. Part of the incident THz wave will directly
pass through the structure, and the maximum absorption is
50%. If the Au mirror is mounted, the incident THz wave
is totally reflected back by the bottom Au mirror. In this case
the detector becomes a one-port device, and the maximum ab-
sorption can reach up to 100% (critical coupling). By optimiz-
ing the length of the dipole antenna and the thickness of the
high-resistance silicon, the dipole resonance of the structure can
be consistent with the fundamental FP resonant frequency,
forming a strong resonant coupling for the microcavity–
antenna structure. When linearly polarized THz plane waves
with the polarization direction along the y axis are normally
incident along the z direction, if the frequency of the THz wave
is consistent with the microcavity–antenna resonant frequency,
strong local field enhancement can be obtained at the antenna
feed slot. Because the resonant behaviors of the microcavity are
very sensitive to the loss and the other device parameters, it is
important to precisely evaluate the microcavity-induced reso-
nant effects for achieving the strongest field enhancement.
The proposed configurable microcavity–antenna structure
provides a useful platform to reveal the effects of microcavity
by comparing the detection parameters of the detector with and
without the bottom Au mirror, respectively. Figure 1(b) shows
the schematic diagram of the current-voltage (IV) curve of the
PTE detector under THz irradiation, from which the open-cir-

Fig. 1. (a) The schematic diagram of the FP resonance principle of the device. The microcavity enhancement effect can be directly obtained by
measuring the detection performances of the device with and without the bottom Au mirror, respectively. (b) The schematic diagram of IV curve
with THz irradiation. (c) The schematic diagram of the two-temperature heat transfer model, the hot electron temperature (red line) and Seebeck
coefficient (blue line) distributions along the graphene channel.
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cuit PTE voltage V OC and then the maximum temperature of
electron in the graphene channel can be derived. Figure 1(c)
shows the two-temperature heat transfer model [30]. In the gra-
phene channel, due to the weak electron–phonon interaction,
the temperature of the electrons is much higher than that of the
lattice when the device is irradiated by THz waves. The two-
temperature heat transfer model can describe this feature and
build a relation between electron temperature distribution and
those relevant parameters (input power density, heat relaxation
rate, thermal conductivity, and heat capacity). One end of the
channel is in contact with one arm of the dipole antenna, and
the other end is in contact with the metal electrode. Part of the
graphene flake is located in the feed slot of the antenna. When a
resonant THz wave normally irradiates the device, a strong lo-
cal field enhancement is achieved in the feed slot of the dipole
antenna, one end of the graphene flake is heated, and an asym-
metric temperature difference is formed in the channel. The
generated thermoelectric open-circuit voltage is

V OC �
Z

∇T · S�T , εF�dx, (1)

where T is temperature, S is the Seebeck coefficient, and εF is
the Fermi energy. Figure 1(c) shows the diagrammatic sketch of
the temperature and Seebeck coefficient distributions along
the graphene channel. The change of Seebeck coefficient of
graphene near the metal–graphene interface is due to the
metal-induced doping. For simplicity, we assume the constant
Seebeck coefficients SG and SD for the main channel and near
the interfaces, respectively. According to Fig. 1(c), the thermo-
electric response can be written as

V OC � �SG − SD� · �T 0 − Tmax�: (2)

When the PTE open-circuit voltage V OC is measured, the
maximum electron temperature Tmax is derived according to
Eq. (2). Further, the input THz power density can be estimated
through the two-temperature heat transfer model, which pro-
vides another way to determine the enhancement factor of the
microcavity–antenna structure.

The designed resonant frequency is set to 90–100 GHz. We
use FDTD electromagnetic simulation software to calculate the
reflection spectra of different thick high-resistance silicon slabs
with an Au mirror mounted at the back side. The complex per-
mittivity of Au is given by the Drude model εm � 1−
ω2
p∕�ω2 � iγpω�. The plasma frequency of Au ωp � 1.12 ×

1016 rad∕s, scattering coefficient γp � 8.67 × 1013 rad∕s, ω is
the angular frequency of incident light, and i is the imagi-
nary unit.

As shown in Fig. 2(a), the first-order reflection peak of the
high-resistance silicon slab with an Au mirror is inversely pro-
portional to the thickness of the silicon slab, and the width of
the reflection peak decreases with the increase of the substrate
thickness. The high-order reflection peaks of the structure show
similar rules with the change of silicon thickness. The above
reflection behavior has typical FP resonant characteristics.
The FP resonant wavelength λ can be described by
2nl � kλ − λ∕2, where l is the thickness of the silicon slab,
and k is the order of the reflection peak, which is consistent
with the numerical simulation results. According to the simu-
lation results, we selected a high-resistance silicon wafer with a

Fig. 2. (a) The reflection spectra of a silicon slab with different thicknesses and an Au mirror mounted at the bottom of the slab. (b) The schematic
diagram of the resonant frequency of the dipole antenna with different arm lengths. (c) The surface-averaged electric field enhancements in the feed
slot region as functions of frequency for the cases of infinite silicon substrate, 243-μm thick silicon slab, and 243-μm thick silicon slab with an Au
mirror mounted at the bottom, respectively. The single arm length of the antenna is 500 μm. (d) The surface electric field distribution (top) and
vertical electric field distribution (bottom) in the feed slot region at the resonant frequency of 95 GHz of the microcavity–antenna structure.
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nominal thickness of 240 μm, whose resistivity is greater than
10,000 Ω/cm, and its THz absorption can be ignored. We use
a THz time-domain spectroscopy (THz-TDS) system to mea-
sure the transmission spectrum of the silicon wafer, as shown in
Fig. 7 (Appendix A). The actual thickness of the silicon wafer is
calculated to be about 243 μm [Eqs. (A1) and (A2) in
Appendix A].

In order to observe the dipole-FP resonant behavior more
clearly, we choose the narrow-band dipole antenna as the re-
ceiving antenna of the detector. In order to match the operating
frequency of the designed detector, we still use the FDTD soft-
ware to simulate the resonant frequency of the dipole antenna
with different lengths. The resonant frequency of the dipole
antenna is roughly determined using the formula h ≈
λ∕2 ≈ 700 μm [31], where h is the length of one single
arm. The numerical results of the resonant frequency as a func-
tion of the single arm length are shown in Fig. 2(b). With the
decrease of the single arm length, the resonance frequency of
the antenna shifts to high frequency, showing an approximate
linear relationship. As shown in Fig. 2(b), the single arm length
of 500 μm is selected to match the FP resonance of the silicon
microcavity, and strong field localization and enhancement are
expected.

To verify the resonant behavior of the microcavity–antenna
structure, the electric field enhancement factors (defined as
E∕E0 with E the averaged electric field intensity in the feed
slot region and E0 the electric field intensity at the surface
of infinite silicon substrate without the antenna structure) in
the feed slot with frequency of the dipole antenna on three
different substrates, infinite thickness silicon, finite thickness
silicon slab (243 μm thick), and finite thickness silicon slab
(243 μm thick) with an Au mirror at the bottom side are

numerically calculated using the FDTD software. As shown
in Fig. 2(c), due to the antenna-introduced lateral focusing
of the electromagnetic field, there are strong electric field en-
hancements in the slot regions for all the three structures. As
expected, the microcavity–antenna structure leads to the largest
electric field enhancement factor of 993 (red line), and for the
other structures the enhancement factors are 218 (silicon slab,
gray line) and 147 (infinite silicon substrate, blue line), respec-
tively. The numerical results show that when the dipole
antenna resonance is coupled with the FP resonance, the elec-
tric field enhancement factor can be increased by about 4 times.
Figure 2(d) is the numerical electric field intensity in the feed
slot for the microcavity–antenna structure. It can be seen that
the electric field intensity in the feed slot is greatly enhanced,
especially near the metallic edges.

We used the traditional two-dimensional material process-
ing technology to fabricate the device, and the detailed process
is shown in Fig. 8 (Appendix B). As shown in Fig. 3(a), the
dipole antenna is directly deposited on the high-resistance sil-
icon substrate. Detailed information of the feed slot and the
graphene channel is shown in Fig. 3(b). Two van der Waals
electrical contacts are expected to form between the graphene
channel and the two electrodes. Near the resonant frequency,
the normally incident y-polarized THz waves ensure a good
asymmetric heating to produce a large temperature difference
between the two electrodes. The atomic force microscope
(AFM) image of the feed slot region is presented in Fig. 3(c),
from which the graphene flake thickness of about 20 nm is
obtained. Such a thick multilayer graphene channel will ensure
a large THz absorption. In order to characterize the metal–
graphene contacts, we used a semiconductor parameter analyzer
(Keithley 4200A-SCS) to measure the dark IV curve. Figure 3(d)

Fig. 3. Optical microscope images of the asymmetric antenna coupled THz PTE detectors with a magnification of 100 (a) and the detailed
structure near the feed slot region with a magnification of 500 (b). (c) The AFM image of the graphene channel. Inset is the AFM line profile.
(d) IV characteristic curve of the device. Inset is the scanning electron microscope (SEM) image of the graphene channel with a magnification of
3500.
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is the dark IV curve of the device, which shows that there are
good Ohmic contacts between the graphene channel and the
metal electrodes, and the resistance of the device is about 319Ω.

3. RESULTS AND DISCUSSION

The electrical and optical properties of the microcavity–an-
tenna integrated graphene detector are measured at room tem-
perature (300 K). The THz source (VDI, WR10) is a
frequency multiplier driven by a microwave source (Rohde
& Schwarz, SMB100A), which can emit 75–110 GHz linearly
polarized THz waves up to mW level. The details of the mea-
surement system are shown in Fig. 9 (Appendix C). As shown
in Fig. 4(a), the maximum short-circuit THz response current
is up to 20 μA, showing an excellent THz detection perfor-
mance. The response time of the detector is characterized by
the rise time and fall time of a photocurrent pulse caused by
a square-wave-modulated THz wave. The rise time is defined as
the time when the photocurrent amplitude increases from 10%
to 90%, and the fall time is the time when the photocurrent
amplitude decreases from 90% to 10%. As shown in Fig. 4(b),
the rise and fall times are 0.3 μs and 1.7 μs, respectively. The
hot electron effect in graphene is responsible for the fast
response.

Next, we measured the IV curves of the device under THz
irradiation (red) and dark (blue) conditions. As shown in
Fig. 4(c), the two IV curves are linear and parallel to each other,
indicating that the photon response of the device is indepen-
dent of the bias voltage, which is a typical feature of PTE
response [32,33]. The open-circuit photon voltage [zero
photocurrent point in Fig. 4(c)] is −6.1 mV. The Seebeck

coefficient of graphene we used is 109 μV/K [34]. According
to Eq. (1), it can be calculated that the asymmetric heating
structure causes the temperature difference along the graphene
channel to be about 56 K. Such a high temperature difference
induced by the 1.0 mW∕cm2 incident radiation indicates that
at the resonant frequency, the electromagnetic field energy is
effectively localized into the feed slot by the microcavity–
antenna coupling structure. The polarization-dependent re-
sponse of the device was measured, and the experimental data
are shown in Fig. 4(d). The polarization angles 0 and 90 deg
correspond to the incident electric field parallel and
perpendicular to the dipole antenna, respectively. The photo-
current is strongly dependent on the polarization of the
incident wave. The good agreement between the measured
photocurrent data (black dots) and the theoretical polariza-
tion-dependent gain of a dipole antenna (red line) indicates that
the excellent photoresponse of the device is mainly contributed
by the microcavity–antenna coupling structure. The photore-
sponse at different modulation frequencies and output power
can be seen in Fig. 9 (Appendix C).

As shown in Fig. 5(a), for a fixed frequency (99 GHz) of
THz radiation, the photocurrent exhibits an attenuated oscil-
lation with respect to the distance d between the emission port
and the detector, which has not been reported. Such an oscil-
lation behavior is attributed to the multireflectance of the
coherent THz wave between the emission port surface and the
Au mirror at the bottom of the device substrate [insertion in
Fig. 5(a)]. The attenuation of oscillation amplitude originates
from the non-zero divergence angle and air loss of the THz
wave. A double-cavity model is built to describe the photocur-
rent oscillation. Distance-dependent reflectivity is introduced

Fig. 4. Peak response of the microcavity–antenna integrated graphene detector at 99 GHz. (a) Pulse response current of the graphene PTE
detector. (b) The rise and fall response times of the device. (c) The IV curves with and without THz irradiation. (d) Polarization-dependent response
current of the device.
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as a fitting parameter to represent the effect of non-zero diver-
gence angle and air loss. The details of the model are presented
in Appendix D. The double-cavity model gives an excellent fit-
ting to the experiment data [the red solid line in Fig. 5(a)]. In
our experiment, the maximum photocurrent (the first oscilla-
tion peak) is recorded. With the assistance of the fitting curve,
the ∼3.74-fold pseudo enhancement of the photocurrent due
to reflection from the emission port of the THz can be ex-
tracted. When the Au mirror is not mounted on the device,
the double-cavity effect is greatly weakened, and the details
are presented in Appendix D.

Once the origin of the photocurrent oscillation is addressed,
another more convenient method can be adopted to acquire the
real amplitudes of the photocurrent. The peak-to-valley ratio Γ
of the photocurrent oscillation can be expressed as

Γ � �E0 � E1�2
�E0 − E1�2

, (3)

where E0 is the electric field amplitude on the photoactive sur-
face of detector without considering the reflection from the
emission port, and E1 is the reflection electric field amplitude.
When Γ is measured, the real photocurrent can be evaluated
using the expression

I ph � I phm ×
�

E0

E0 � E1

�
2

� Iphm ×
�1� ffiffiffi

Γ
p �2
4Γ

, (4)

where Iphm is the measured photocurrent. Figure 5(b) shows
the measured photocurrent, the value of Γ, and the evaluated
real photocurrent with respect to frequency in the range of
75–110 GHz.

To evaluate the responsivity, the effective area of the device
must be first determined. For the receiving antenna, there are
several methods to calculate the effective receiving area [35].
One of the methods is to directly use the physical area of the
antenna, which will give the maximum responsivity. Another
method is to use the equivalent area of the antenna. The effec-
tive area Aem of a dipole antenna adopted in this work is given
by the following expression [36]:

Aem � 3

8π
λ2eff , (5)

where λeff � 2λ0∕�n� 1� is the effective wavelength, λ0 is the
wavelength in vacuum, and n � 3.42. The power density of
the THz source is measured to be about P � 1.0 mW∕cm2

in the frequency range of 75–110 GHz. The voltage respon-
sivity Rv is calculated by the following formula:

Rv �
IphR
PAem

, (6)

where R is the device resistance. The voltage responsivity spec-
trum (red solid line) of the microcavity–antenna coupled de-
tector is shown in Fig. 5(c). Because the PTE response is
expected to be independent of frequency in a small frequency
range (75–110 GHz), the resonant responsivity spectrum is due
to the microcavity–antenna coupler. In addition, the responsiv-
ity curve is in good agreement with the electric field enhance-
ment curve (red solid line) shown in Fig. 2(c), which further
identifies this point. The peak responsivity of 976 V/W
indicates the high coupling efficiency of the microcavity–
antenna structure.

Fig. 5. (a) The photocurrent with respect to the distance d at frequency 99 GHz. Insert is the schematic diagram of the effective FP cavity
composed of the emission port of the coherent THz source and the Au mirror at the bottom of device substrate. (b) The origin (blue) and fixed
(red) photocurrent spectra. The voltage responsivity spectra of the device with (red) and without (blue) Au mirror mounted at the bottom of the
substrate (c) and the corresponding noise equivalent power (NEP) (d).
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In order to precisely evaluate the enhancement effect of the
microcavity, the bottom Au mirror is removed, and the respon-
sivity spectrum is measured at once, which minimizes the
influences of the other device parameters and experimental con-
ditions. A similar but weak double-cavity effect is observed. In
this case, the cavity is formed between the emission port of the
THz source and the bottom surface of the silicon substrate.
However, due to the small reflectivity in the silicon–air interface,
a nearly constant peak-to-valley ratio of 2 is derived. Using
Eqs. (3)–(6), the responsivity spectrum (blue solid line) of the
detector without the Au bottom mirror is achieved and shown
in Fig. 5(c). Thus, the microcavity-induced enhancement factor
with respect to frequency is derived, and the result (green pillar)
is presented in Fig. 5(c). It can be seen that the microcavity in-
troduces a remarkable enhancement of coupling efficiency.

Since the detector is operated in zero-bias mode, only ther-
mal (Johnson–Nyquist) noise is considered. The Johnson–
Nyquist voltage noise is

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kBTR

p
, where kB is the Boltzmann

constant and T is the operating temperature. The other extrin-
sic noises such as the residual flicker noise and the interference
noises are not considered. In practical applications, the real de-
tector sensitivity is dependent on the working condition and
will be deteriorated to some extent in comparison with the in-
trinsic sensitivity. We utilized an electrical spectrum analyzer
(Keysight, N9040B) to measure the voltage noise density spec-
trum of the device (Appendix C). At the modulation frequency
of 1 kHz, the measured voltage noise is 2.8 nV∕Hz1∕2, which
is utilized to calculate the NEP parameter. The NEP can be
calculated as

NEP � vn
RV

, (7)

where vn is the voltage density and RV is the voltage response.
The NEP spectra of the device with (red solid line) and without
(blue solid line) the bottom Au mirror are depicted in Fig. 5(d).
For the microcavity–antenna coupled detector, the NEP is less
than 10 pW∕Hz1∕2 in the frequency range of 92–110 GHz,
and the minimum reaches 2.87 pW∕Hz1∕2 at 99 GHz, show-
ing that the device has a very high room-temperature and zero-
bias detection sensitivity. The superior detection performance is
mainly attributed to the high coupling efficiency of the micro-
cavity–antenna hybrid structure.

Finally, we further study the temperature distribution at the
graphene channel, and we establish a one-dimensional two-
temperature heat transfer model, as shown in Fig. 6(a). The
width of the electrodes on both sides and the intermediate gra-
phene channel is set to 4 μm. We assume that the THz electric
field is focused in the range of 1 μm on the left side of the
graphene channel. In the steady state, the electron and lattice
temperatures satisfy the following equations [37]:

∇2T e �
C e

κeτep
�T e�x� − T p�x�� �

C e

κeτ
�T e�x� − T 0� −

Q�x�
κe

,

(8)

∇2T p �
ρpCp

κpτ
�T p�x� − T 0� −

C e

κpτep
�T e�x� − T p�x��, (9)

∇2T � ρC
κτ

�T �x� − T 0�, (10)

where T 0 is the fixed environment temperature. T , κ, τ, and C
are temperature, thermal conductivity, heat relaxation time to
environment, and heat capacity for Au electrodes, respectively.
T e (T p), κe (κp), and C e (Cp) are temperature, thermal con-
ductivity, and heat capacity for electron (lattice) subsystems of
graphene. τep is the heat relaxation time from electron subsys-
tem to crystal subsystem. Q is the thermal source. ρ and ρp are
the mass densities of Au and graphene.

The heat capacity of multilayer graphene can be expressed as
[38,39]

C e � m
2πEF

3� vF�2
k2BT e, EF ≫ kBT e, (11)

where m is the graphene layer number. The electron thermal
conductivity is [39]

κe �
C eμcEF

2e
, (12)

where μc is the electron mobility in graphene. A direct iteration
scheme is used to solve the coupled Eqs. (8)–(10).

When the THz field energy is focused on the left end of the
graphene channel, the electrons form a large asymmetric tem-
perature distribution, which leads to a strong PTE response.
Excluding the enhancement of the standing wave to the re-
sponse, the temperature difference along the graphene channel
is about 15 K. Figure 6(b) shows the numerical electron and
lattice temperature distributions. ΔT e and ΔT c are the tem-
perature difference of electron and lattice. The parameter values
taken in the calculation are listed in Table 2 (Appendix E). Due
to the large heat capacity of the graphene lattice and the Au
electrode, the temperature changes of the Au and graphene
lattice are very small. To maintain the maximum temperature
difference of about 15 K, the power density of THz radiation
should be up to about 3 × 106 W∕m2 in the feed slot region of
the antenna. The power density in the feed slot can be evalu-
ated as P0 × γ2 ≈ 107 W∕m2, where P0 � 1 mW∕cm2 is the
emission power density of the THz source, and γ ≈ 1000
[Fig. 2(c)] is the peak electric field enhancement factor of
the microcavity–antenna structure, which is qualitatively con-
sistent with the input power density in the calculation of elec-
tron temperature distribution by solving Eqs. (8)–(10).

The peak temperature at the graphene channel is related to
many parameters. As shown in Fig. 6(c), the peak electron tem-
perature of graphene is linearly related to the incident power;
other parameters are the same as in Fig. 6(b). Keeping the in-
cident power 3 × 106 W∕m2 constant, we change the relaxa-
tion time and thermal conductivity. As shown in Fig. 6(d),
the abscissa is the hot carrier relaxation time τ to the environ-
ment, and the ordinate is the thermal conductivity κe of the
graphene electron. The peak temperature of graphene increases
with the increase of τ and decreases with the increase of κe.

As shown in Table 1, we compared the room temperature THz
detectors based on graphene in recent years. It can be seen that the
responsivity and NEP of the devices we developed are better than
that of other detectors, the response time is also in the middle and
upper level, and the comprehensive performance is higher.

A perfect absorber is very important for improving the
detection sensitivity of a photodetector. As a one-port de-
vice, when the critical coupling condition is fulfilled, perfect
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absorption can occur for a microcavity structure. For example,
in Ref. [46], Dai et al. demonstrated the perfect absorption in
an infrared detector. In the THz band, perfect-absorber-based
detectors have been reported [47]. At present, for the PTE THz
detector, because the loss of graphene cannot be tuned, the
critical coupling condition is not guaranteed.

4. CONCLUSION

In summary, a configurable microcavity–antenna coupled gra-
phene THz detector is proposed and demonstrated. By opti-
mizing the structural parameters of the dipole antenna and
the microcavity, the fundamental dipole and FP modes of
the hybrid structure are at the same frequency, which leads
to the strong localization and enhancement of electric field in
the feed slot region and the efficient asymmetric heating of the
graphene channel. Therefore, the microcavity–antenna coupled
detector exhibits an excellent PTE response in the frequency

range of 75–110 GHz at room temperature and in zero-bias
operation mode. Because the Au mirror is removable, the mi-
crocavity-introduced enhancement factor can be precisely
evaluated, which provides a convenient and efficient way to in-
vestigate the microcavity-related effects such as the critical cou-
pling and the strong coupling between the microcavity FP
modes and other resonant modes. We believe that the detector
performance can be further improved if the critical coupling
condition is satisfied for the microcavity–antenna hybrid
structure.

APPENDIX A: THICKNESS MEASUREMENT OF
SILICON WAFERS

In order to obtain the thickness of the silicon wafer, we use a
home-made THz-TDS system to measure the transmission
spectrum of the silicon wafer [Fig. 7(a)]. We placed the silicon
wafer at the focus of the THz-TDS optical path and measured

Table 1. Performance Comparison of Different Graphene-Based PTE THz Detectors

Operating Frequency (THz) Voltage Responsivity (V/W) NEP (pW∕Hz1∕2) Response Time (ns) References

0.08–0.12 28 350 9 × 103 [40]
0.3 49 160 3.3 [41]
2.8 / 1 × 103 5 [42]
2.52 0.7 × 10−3 1.43 × 106 45 × 106 [43]
2.52 37.1 × 10−3 58 × 103 6.6 × 109 [44]
0.13 20 600 × 103 / [45]
0.075–0.11 976 2.87 300 This work

Fig. 6. (a) Structure diagram of the one-dimensional two-temperature heat transfer model. (b) Temperature distribution of the graphene electron
and lattice between the source and drain electrodes. (c) The temperature difference between the graphene and electrode changes linearly with the
incident power. (d) The variation of the maximum temperature difference between the graphene and electrode with heat relaxation time and electron
heat capacity.
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the transmission spectrum of the silicon wafer for the THz
wave with the air signal as the reference. As shown in Fig. 7(b),
the transmission spectrum of the silicon wafer shows perfect
Fabry–Perot oscillations. The refractive index of the silicon
wafer can be calculated from Eq. (A1):

n �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

ffiffiffiffiffiffiffiffiffiffi
1 − a

p

a
� 2

a
− 1

s
, (A1)

where a is the transmission coefficient and n is the refrac-
tive index.

The thickness of the silicon wafer can be calculated by
Eq. (A2):

d � 2m − 1

4nf
, (A2)

where m is the order of the transmission peak and f is the fre-
quency of the transmission peak.

APPENDIX B: DEVICE FABRICATION PROCESS
FLOW

The fabrication process of the device is mainly divided into four
steps, as shown in Fig. 8. The first step is electron beam lithog-
raphy (EBL), and the antenna pattern is defined on the surface
of the silicon wafer; the second part is thermal evaporation,
which attaches Au to the surface of silicon wafer; the third step
is lift off, stripping the excess Au from the surface of the silicon
wafer; and the fourth step is the transfer of the multilayer gra-
phene flake, where the graphene is transferred to the channel of
the antenna through the polydimethylsiloxane (PDMS) film.

APPENDIX C: DEVICE MEASUREMENT

The device measurement system is shown in Fig. 9. We utilized
an RF and microwave signal generator as the primary source.
The output microwave is set to square-wave-modulated wave-
form (the modulation depth, 100%; the modulation frequency,
1 kHz). The RF and microwave signal generator was used to
drive the frequency multiplier. The terahertz beam is directly
emitted to free space through a horn antenna without collima-
tion, and the detector is placed in front of the horn antenna.
The short-circuit photocurrent signal of the detector is ampli-
fied by the pre-current amplifier. The output voltage signal is
sent to the lock-in amplifier and the oscilloscope at the same
time. The amplitude of the signal is read directly by the lock-in
amplifier, and the response signal waveform is observed by the
oscilloscope.

Due to the ultra-high hot carrier mobility in graphene, the
graphene detector is expected to have a fast response speed. The
photocurrent amplitude of the detector maintains a constant
value when the modulation frequency of the THz wave is
in the range of 1–20 kHz [Fig. 10(a)], which indicates that
the corresponding cutoff frequency is much higher than
20 kHz. Due to the limitation of the modulation speed of our
emitter, the high-frequency behavior of our device has not been
characterized. In addition, we measured the power-dependent
optical response at a fixed frequency of 14.8 GHz and observed
a good linear power dependence [Fig. 10(b)]. It shows that our
detector has a large dynamic range.

Figure 11 shows the voltage noise density spectrum of the
device. At the low-frequency region, the 1/f noise takes the
dominant position. With the increase of frequency, the 1/f
noise decreases. The measured voltage noise is 2.8 nV∕Hz1∕2

Fig. 8. Schematic diagram of device fabrication. Fig. 9. Schematic diagram of the device measurement system.

Fig. 7. (a) Schematic diagram of the measurement system. (b) THz transmission spectrum of silicon wafers.
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at the frequency of 1 kHz, which is consistent with the theo-
retical Johnson–Nyquist noise (2.3 nV∕Hz1∕2).

APPENDIX D: DOUBLE-CAVITY MODEL

In order to obtain the true enhancement factor of the Fabry–
Perot resonant cavity, we established a double-cavity model to
exclude the enhancement induced by the reflection of the elec-
tric field from the emission port of the THz source. The surface
of our device is set as the reference point of phase, and the elec-
tric field intensity En at the device surface can be calculated by
the following expression:

En �
2E0�1 − rne · e2nh�

1 − re · e2h
, (D1)

where re is the equivalent reflectivity of the emission port,
which is relevant to the distance between the detector and
the THz source and decreases with the increase of the distance.
The pseudo enhancement coefficient can be calculated by the
following expression:

n � En

2E0

: (D2)

It can be obtained by the numerical calculation that n is
3.74, that is, the pseudo enhancement factor induced by the
reflection from the emission port is 3.74.

When the Au mirror is not mounted at the bottom of the
silicon substrate, the double-cavity effect reduces greatly. The
maximum peak-to-valley ratio Γ derived from Fig. 12 is 1.9,
which is much smaller than the case of the Au mirror mounted
(Γ � 1177).

APPENDIX E: PARAMETERS OF THE TWO-
TEMPERATURE HEAT TRANSPORT MODEL

The parameter values taken in the calculation are listed in
Table 2.

Funding. National Key Research and Development
Program of China (2023YFF0719200); National Natural
Science Foundation of China (61731020, 61988102); Science
and Technology Commission of Shanghai Municipality
(21S31907400).

Disclosures. The authors declare no conflicts of interest.

Fig. 11. The voltage noise density spectrum of the device measured
at room temperature and in zero bias condition. The black dashed line
is the Johnson–Nyquist white noise.

Table 2. Parameters of the Heat Transport Model

Parameter Value Parameter Value

τep 0.5 ns τ 0.5 ns
T 0 300 K κp 1000 W∕�m · K� [48]
Cp 710 J∕�kg · K� [49] κ 318 W∕�m · K�
C 128.0 J∕�kg · K� m 57
vF 106 m∕s [39] Δ 0.1 eV [39]
EF 0.1 eV Thickness of Au film 40 nm
Q 3.0 × 106 W∕m2 ρ 1.93 × 104 kg∕m3

ρp 2.33 × 103 kg∕m3 μc 1000.0 cm2∕�V ·m�

Fig. 12. Photocurrent with respect to the distance d at 99 GHz
when the Au mirror is removed.

Fig. 10. (a) The response current at different modulation frequen-
cies. (b) The response current at different output powers under
14.8 GHz illumination.
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Data Availability. Data underlying the results presented
in this paper are not publicly available at this time but may
be obtained from the authors upon reasonable request.
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